Summary Cyclic phosphatidic acid (cPA) has a similar structure to that of lysophosphatidic acid (LPA), but possesses distinct biological functions. For example, cPA suppresses cancer cell invasion and metastasis through the inhibition of autotaxin (ATX) and transient activation of low molecular weight GTPase, RhoA. We designed and chemically synthesized several metabolically stabilized derivatives of cPA, and revealed that 2-carba-cPA was the most potent inhibitor of cancer cell invasion and metastasis. We have developed a novel method of 2ccPA enantiomeric synthesis, and here we examined the effects of natural (R)-cPA, both enantiopure 2ccPA, and (S)-3ccPA (corresponding to the configuration of (R)-2ccPA) on ATX. We also predicted the effects of (R)-cPA, (R)-2ccPA and (S)-3ccPA on ATX activity by combined quantum mechanics and molecular mechanics (QM/MM) computational methods. By these methods, we demonstrated that 2ccPA was the most potent inhibitor on ATX, and the chirality of 2ccPA was not involved in ATX inhibition. These results suggest that racemic-2ccPA may be utilized as an effective compound for cancer therapeutics.
Cyclic phosphatidic acid (cPA) is a naturally occurring phospholipid mediator, and this was originally isolated from myxoamoebae of a true slime mold, Physarum polycephalum, and identified ( Murakami-Murofushi et al. 1992) . Cyclic-PA has been found in a wide range of organisms, from slime molds to humans (Takahashi et al. 1993 , Kobayashi et al. 1999 . The chemical formula of cPA is similar to lysophosphatidic acid (LPA), but cPA has a quite unique structure with a cyclic phosphate ring at sn-2 and sn-3 positions of the glycerol backbone, and a chiral carbon atom is assigned an R designation (Kobayashi et al. 1993) . As the cyclic phosphate ring of cPA would be opened by hydrolysis resulted in the formation of LPA (Uchiyama et al. 2007) , we have synthesized several metabolically stabilized derivatives of cPA (Baker et al. 2006 , Uchiyama et al. 2007 . and (S)- are compounds in which one of the phosphate oxygen is replaced with a methylene group at the sn-2 or the sn-3 position, respectively.
Many cancer cells secrete autotaxin (ATX), a LPA-producing enzyme, during cancer development (Mills and Moolenaar 2003 , Kishi et al. 2006 , Tigyi 2010 . LPA stimulates cancer cell invasion and metastasis via LPA [1] [2] [3] receptor activation (Gendaszewska-Darmach 2008) and transient activation of low molecular weight GTPase, RhoA (Mukai et al. 2000 , Hwang et al. 2006 , Murray et al. 2008 . On the other hand, cPA inhibits ATX and RhoA activation. Cyclic-PA dosedependently inhibits LPA-induced activation of RhoA (Mukai et al. 2003 , Uchiyama et al. 2007 . Also, natural cPA, 2ccPA and 3ccPA were shown to inhibit ATX-induced cancer cell invasion (Baker et al. 2006) . From these results, we considered that cPAs could be a therapeutic compound for cancer by inhibiting both LPA production by ATX and some events downstream of the LPA receptors, including RhoA activation (Figs. 1 and 2).
As well as cPA, carba-cPAs well conserved the inhibitory effects on cancer cell invasion, and the effects of racemic-2ccPA were much more potent than those of the natural type of cPA ((R)-cPA) and 3ccPA ((S)-3ccPA) (Table 1) (Baker et al. 2006 , Uchiyama et al. 2007 . It is well known that each enantiomer shows same or different biological activities in many cases. Therefore, the determination of biological activities of both enantiopure 2ccPA is strongly required for further 2ccPA studies.
In this study, we compared the effects of (R)-cPA, both 2ccPA enantiomers and (S)-3ccPA on ATX activity. The activities of these compounds were verified by being combined with theoretical calculation at the level of quantum mechanics and molecular mechanics (QM/MM) computational methods.
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Culture of MDA-MB-231
Human breast cancer MDA-MB-231 cells (a generous gift from Dr. Gabor Tigyi, University of Tennessee) were cultured in Dulbecco's modified Eagle medium (DMEM; Nissui, Tokyo, Japan) supplemented with 10% fetal bovine serum (FBS; Biowest, FL). Cells were cultured at 37°C in a humidified incubator containing 5% CO 2 .
Collection and concentration of conditioned medium (CCM)
MDA-MB-231 cells were grown until 90% confluence. The cells were washed 3 times with phosphate buffered saline (PBS). The cells were incubated for 12 h in serum-free DMEM, and then the conditioned medium was centrifuged at 200ϫg for 5 min to remove cellular debris. Subsequently, the conditioned medium was concentrated to 10-fold on a 100 kDa cutoff filter (Millipore, Cork, Ireland).
ATX inhibition assay
ATX inhibition activity of compounds (cPA 18 : 1, 2ccPA 18 : 1, 3ccPA 18 : 1, (R)-2ccPA 16 : 1, (S)-2ccPA 16 : 1 and racemic-2ccPA 16 : 1) was measured using FS-3 (Echelon Biosciences, Inc., UT), which fluoresces upon cleavage by ATX. FBS or CCM from MDA-MB-231 cells was used as the source of ATX. FBS or CCM and 10 mM compounds in 10 mM fatty acid free bovine serum albumin (FA-free BSA; Sigma-Aldrich, MO) were mixed with 1 mM of FS-3 in the buffer (1 mM CaCl 2 , 1 mM MgCl 2 , 5 mM KCl, 140 mM NaCl, 50 mM Tris-HCl, pH 8.0). The fluorescence intensity (em/ex: 485/530 nm) of each well was measured by Cyto Flour series 4000 micro plate reader (Applied Biosystems, Foster City, CA) at 0 time and after 2 h incubation at 37°C. Data were normalized to vehicle control after subtraction of 0 time value and expressed as percent ATX activity of compounds. All data were shown as meanϮS.E. of triplicate wells.
Calculation
To compare the binding abilities of cPA and its derivatives from a theoretical point of view, we performed QM/MM calculations using the hybrid two-layer ONIOM2 (Dapprich et al. 1999) approach as implemented in Gaussian09 program package (Frisch et al. 2009 ).
The initial structures for the ONIOM2 calculations were modeled from the X-ray crystallography data (PDB code: 1GSU (Sun et al. 1998) ) using MOE program package (MOE version 2009.10) . Since the structure was observed in crystal condition, three-dimensional structure or amino acids' protonation status might be slightly different from those in the experimental conditions. In this study, protonation statuses of all amino acid residues were determined to suit for the bio-chemical condition (pHϭ7.0 and Tϭ300 K) using Protonate3D module (Labute 2009 ) implemented in MOE. Models containing cPA and its derivatives were made from the PDB structure by substituting AMP to the corresponding cPA species. The compounds, cPA, 2ccPA and 3ccPA, used in our experiments have long alkyl chains. However, since the long tails were considered not to play an important role in binding to the enzyme, we omitted them from our calculation model.
In ONIOM2 calculations, large bio-molecular systems are generally divided into 2 layers treated with QM or MM level of theories to reduce total computational time. In our ONIOM2 calculations, we defined the compound, 2 Zn 2ϩ ions, and amino acid residues directly coordinated to the Zn 2ϩ ions to be the high-level layer (QM region). The remaining part of the enzyme was treated as the low-level layer (MM region). The density functional theory (DFT) with commonly known B3LYP (Becke 1988 , Stephens et al. 1994 , exchange-correlation function was applied to describe electronic structures of the molecules in the QM region. The basis set used to expand molecular orbital in the QM region was 6-31G* (Hehre 1972) for every element. The basis set size was enough, since our objective was to compare binding abilities of each enantiopure cPA, 2ccPA and 3ccPA qualitatively. In the MM region, the universal force field (UFF) (Rappé et al. 1992 ) was applied to describe effectively the environmental effects of the protein cage.
Using ONIOM2 geometry optimization technique, we calculated cPA, 2ccPA or 3ccPA binding energies defined in the following equation, E bind ϭE complex ϪE compound ϪE enzyme where, Ex (xϭcomplex, compound, enzyme) is potential energy in optimized geometry for each species. Thus, structural deformations of compounds and enzyme were under consideration in our calculations. In the binding energy calculations, basis set superposition error (BSSE) was corrected using counter poise method (Boys and Bernardi 1970) .
Statistical analysis
All values are given as meanϮS.E. The data were statistically analyzed by Student's t-test and one way ANOVA. A P-value of Ͻ0.05 was considered to be statistically significant.
Results

Effects of cPAs on ATX activity
ATX activity was measured using FS-3 which fluoresces upon cleavage by ATX. The catalytic activity of ATX in FBS or CCM from MDA-MB-231 cells was significantly inhibited by (R)-cPA 18 : 1, racemic-2ccPA 18 : 1 and (S)-3ccPA 18 : 1 (Fig. 3) . In FBS, the inhibitory effects of cPA 18 : 1, 2ccPA 18 : 1 and 3ccPA 18 : 1 on ATX arose over each 50, 70 and 65%. In CCM, the inhibitory effects of cPA 18 : 1, 2ccPA 18 : 1 and 3ccPA 18 : 1 on ATX arose over each about 30, 60 and 50%. The inhibitory effect of 2ccPA 18 : 1 was higher than that of cPA 18 : 1 and 3ccPA 18 : 1.
Effects of stereo-isomers of 2ccPA on ATX activity
Effects of stereo-isomers of 2ccPA on ATX activity were investigated using both (R)-2ccPA and (S)-2ccPA. The catalytic activity of ATX in FBS or CCM from MDA-MB-231 cells was significantly inhibited by (R)-2ccPA 16 : 1, (S)-2ccPA 16 : 1 and racemic-2ccPA 16 : 1 as shown in Fig. 4 . In FBS, the inhibitory effect of (R)-2ccPA 16 : 1 on ATX arose over 75%. In CCM, the inhibitory effect of (R)-2ccPA 16 : 1 on ATX arose over 60%. The inhibitory activity of (R)-2ccPA was similar to (S)-2ccPA and racemic-2ccPA, indicating that the chirality of 2ccPA did not affect the degree of ATX inhibition.
Theoretical prediction of binding abilities by ONIOM2 calculation
The predicted binding energies between compounds and enzyme are shown in Table 2 . The predicted binding energies for (R)-cPA, (R)-2ccPA and (S)-3ccPA were Ϫ92.4, Ϫ107.1 and Ϫ101.6 kcal mol
Ϫ1
, and the predicted binding energies for (R)-2ccPA was 14.7 and 5.5 kcal mol Ϫ1 smaller than the corresponding (R)-cPA and (S)-3ccPA, respectively. In addition, the predicted binding energies for (R)-cPA, (R)-2ccPA and (S)-3ccPA were 2.6, 1.9 and 2.5 kcal mol Ϫ1 smaller than the corresponding (S)-cPA, (S)-2ccPA and (R)-3ccPA, respectively. We calculated HOMO-LUMO gap. The order of binding strength can be explained theoretically with the frontier orbital theory. Generally speaking, orbital overlap between bound species is very important to understand molecular binding (recognition) process. In our target systems, we could observe the HOMO on the enzyme and the LUMO on cPA, 2ccPA or 3ccPA, and the HOMO-LUMO have effective overlaps as shown in Table 2 . And the HOMO-LUMO gap order of (R)-, (S)-2ccPA are predicted to be smaller than those of (R)-, (S)-cPA and (R)-, (S)-3ccPA, respectively. Discussion Cyclic-PA is a structural analog of LPA, but possesses distinct biological functions. LPA is known as a lipid mediator which is produced by ATX and stimulates cancer cell invasion and metastasis through the activation of RhoA. In contrast to LPA, cPA inhibits ATX activity and transient activastion of RhoA, then it inhibits cancer cell invasion and metastasis. We have synthesized several metabolically stabilized carba-derivatives of cPA (ccPA). And we have evaluated the effects of these cPA derivatives on cancer cell invasion for further therapeutic development of cPAs against cancer. We have revealed that the effects of racemic-2ccPA were much more potent than those of natural type of cPA ((R)-cPA) and 3ccPA ((S)-3ccPA) (Table 1) In this study, we examined the inhibitory effect of cPAs on ATX activity, and revealed that 2ccPA showed the most potent inhibitory effect on ATX activity (Fig. 3) . Then we examined ATX stereoselectivity against 2ccPA, using both (R)-2ccpA and (S)-2ccPA enantiomers. The inhibitory activity of (R)-2ccPA showed to be similar to (S)-2ccPA and racemic-2ccPA (Fig. 4) . Additionally, it has been reported that no stereoselective differences were found between (R)-3ccPA and (S)-3ccPA toward the inhibition of ATX (Gupte et al. 2010) . So far, no stereoselectivity of ATX was found, suggesting that the chirality of ccPAs is not involved in ATX inhibition.
Inhibitory activities of each enantiomer of cPA, 2ccPA and 3ccPA on ATX were verified by QM/MM calculation. Theoretical prediction showed 2 predictions.
First, 2ccPA is much more potent inhibitory effects on ATX activity than cPA and 3ccPA. As shown in Table 2 , the predicted binding energies for (R)-2ccPA was 14.7 and 5.5 kcal mol Ϫ1 smaller than the corresponding (R)-cPA and (S)-3ccPA, respectively. Since we used quantum chemical level calculations in the enzyme-compound interaction region, we can discuss binding energy difference in kcal mol Ϫ1 accuracy. And the calculation predictions were entirely consistent with our experimental results on ATX inhibition assay. And same results were obtained by HOMO-LUMO gap value, which explains the order of binding strength, and HOMO-LUMO gap order was 2ccPA, 3ccPA and cPA. These calculation and experimental results indicate that 2ccPA species would be the good candidate as the ATX inhibitor among these compounds.
Second, enantiopure cPA and its derivatives may not have significant difference of the inhibition of ATX activity. As shown in Table 2 , the predicted binding energies for the configuration of (R)-cPA, (R)-2ccPA and (S)-3ccPA were 2.6, 1.9 and 2.5 kcal mol Ϫ1 smaller than the corresponding (S)-cPA, (S)-2ccPA and (R)-3ccPA, respectively. As stated above, the configuration of (S)-3ccPA corresponds to (R)-2ccPA. These results would be consistent with the fact that natural configuration (R)-cPA, (R)-2ccPA, and (S)-3ccPA are preferred in natural conditions. It should be also noted that the differences in the theoretically predicted binding energies are not enough large to observe apparent binding preference of (R)-cPA, (R)-2ccPA and (S)-3ccPA to the enzyme in our experimental conditions. In other words, our results mean that the chirality of these compounds may not affect in the binding process to the enzyme.
These calculations were also consistent with our experimental results of ATX stereoselectivity for cPAs. In conclusion, our study suggests that 2ccPA showed the most potent inhibitory effects on ATX activity among naturally occurring cPA and chemically synthesized carba-analogs of cPA, and the chirality of 2ccPA was not involved in ATX inhibition. cPA dose-dependently inhibited LPAinduced activation of RhoA (Mukai et al. 2003 , Uchiyama et al. 2007 ). Moreover, it was reported that cPAs inhibited ATX-induced cancer cell invasion (Baker et al. 2006) . Therefore, cPA inhibits both the LPA production by ATX and the RhoA activation by LPA, and as a result, cPA inhibits cancer cell invasion and metastasis (Fig. 1) .
Based on these findings, racemic 2ccPA is considered to be utilized as an effective compound for cancer therapy.
